To determine whether the duration of hypertension is an essential component in the evolution of myocardial dysfunction, renal artery constriction was performed in male Fischer 344 rats at 4 months of age, and in vivo global cardiac performance of sham-operated and experimental animals was evaluated 8 months later. Systemic arterial blood pressure increased to 173+±5 mm Hg 2 weeks after the arteries were clipped and remained elevated for the following 5 months. Blood pressure decreased over the remaining 3 months to a value not significantly different from control rats that were killed, 132±4 mm Hg. After 8 months of renovascular hypertension, we observed that the elevated level of systolic arterial pressure was accompanied by a distinct absence of left ventricular hypertrophy when measured at the ventricular weight level. Moreover, left ventricular end-diastolic pressure increased in hypertensive animals from 6.0 to 24.0 mm Hg while peak left ventricular pressure was identical to controls. In addition, peak +dP/dt and -dP/dt were depressed in hypertensive animals. Although stroke volume was unaltered, cardiac output in renal artery clipped animals was depressed by 34% while total peripheral resistance was elevated by 50%. Ventricular chamber remodeling in the hearts of hypertensive animals was evidenced as a 9%o increase in the transverse and a 16% increase in the longitudinal axes of the left ventricle with a 27% diminution of wall thickness. Myocardial damage, in the form of myocyte loss and replacement fibrosis, increased in the hearts of hypertensive animals resulting in a ninefold augmentation in the volume fraction of collagen within the ventricular wall. These alterations in the architectural properties of chamber geometry coupled with the abnormalities in contractile performance resulted in a severe reduction in ejection fraction from 82% to 47% and a marked elevation in transmural diastolic and systolic stress in hypertensive animals. The gradient in stress across the ventricular wall, from epicardium to endocardium, revealed a direct correlation with the regional distribution of myocardial damage. In conclusion, the loading state of the myocardium, tissue injury, and myocardial fibrosis all appear to be critical determinants in 
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To determine whether the duration of hypertension is an essential component in the evolution of myocardial dysfunction, renal artery constriction was performed in male Fischer 344 rats at 4 months of age, and in vivo global cardiac performance of sham-operated and experimental animals was evaluated 8 months later. Systemic arterial blood pressure increased to 173+±5 mm Hg 2 weeks after the arteries were clipped and remained elevated for the following 5 months. Blood pressure decreased over the remaining 3 months to a value not significantly different from control rats that were killed, 132±4 mm Hg. After 8 months of renovascular hypertension, we observed that the elevated level of systolic arterial pressure was accompanied by a distinct absence of left ventricular hypertrophy when measured at the ventricular weight level. Moreover, left ventricular end-diastolic pressure increased in hypertensive animals from 6.0 to 24.0 mm Hg while peak left ventricular pressure was identical to controls. In addition, peak +dP/dt and -dP/dt were depressed in hypertensive animals. Although stroke volume was unaltered, cardiac output in renal artery clipped animals was depressed by 34% while total peripheral resistance was elevated by 50%. Ventricular chamber remodeling in the hearts of hypertensive animals was evidenced as a 9%o increase in the transverse and a 16% increase in the longitudinal axes of the left ventricle with a 27% diminution of wall thickness. Myocardial damage, in the form of myocyte loss and replacement fibrosis, increased in the hearts of hypertensive animals resulting in a ninefold augmentation in the volume fraction of collagen within the ventricular wall. These alterations in the architectural properties of chamber geometry coupled with the abnormalities in contractile performance resulted in a severe reduction in ejection fraction from 82% to 47% and a marked elevation in transmural diastolic and systolic stress in hypertensive animals. The gradient in stress across the ventricular wall, from epicardium to endocardium, revealed a direct correlation with the regional distribution of myocardial damage. In conclusion, the loading state of the myocardium, tissue injury, and myocardial fibrosis all appear to be critical determinants in the genesis of left ventricular failure in long-term pressure overload. (Circulation Research 1990;66:1400-1412) H ypertension is a major risk factor in the genesis of congestive heart failure (CHF) in humans.1,2 This correlation has been shown to be constant even in the absence of significant coronary artery disease.34 Moreover, the hypertensive state may exist for several decades before overt CHF ensues.1-4Previous studies have examined animal models of systemic arterial hypertension in an attempt to identify the initiating event implicated in the onset of ventricular pump dysfunction.5-14 These investigations have demonstrated alterations in myo-cardial contractility in vitro,5 8 contractile protein enzyme activity,8 and transmembrane action potential characteristics.7,8 Changes were seen as early as 5 weeks after the rise in systemic arterial blood pressure, deteriorated with time,5 and were completely reversible up to 10 weeks after the onset of the hypertensive state.6,7 Although mechanical, biochemical, and electrical parameters have been found to be affected by pressure overload,5 8 in vivo measurements of global cardiac performance have not provided evidence that CHF occurs in experimental hypertension in animal models. However, abnormal ventricular function with altered myocardial stiffness and progressive accumulation of collagen have been shown to occur in genetic and induced arterial hypertension in rodents9A14 and nonhuman primates. 15 The increase in cardiac mass that results from a systemic overload is purported to normalize wall stress and maintain normal pump performance. 16 The detri-mental effects of elevated arterial blood pressure appear to be time dependent because myocardial dysfunction may follow the onset of hypertension by many years.1-4 Therefore, the present investigation was performed to determine whether time is an essential element in the onset of cardiac failure in an animal model of pressure overload in which the early cardiac adaptation includes myocardial hypertrophy and normal force development.8 Accordingly, in order to mimic the human condition in which duration of hypertension prior to overt CHF may represent a significant portion of the life span, renal hypertension was surgically induced in male Fischer 344 rats at 4 months of age, and the hearts were examined functionally and structurally 8 months later.
Materials and Methods
Male Fischer rats at 4 months of age were purchased from Harlan Sprague-Dawley breeding laboratories (Indianapolis, Indiana; National Institutes of Health Colony) and were made hypertensive as described below. All animals were coded and fed Purina rat chow and water ad libitum.
Renal hypertension was produced by placing a silver clip with an aperture of 240 ,um on the left renal artery while leaving the contralateral kidney untouched. Flow measurements. After institution of mechanical ventilation, thoracotomy via the third left intercostal space was performed to expose the heart and great vessels and the lungs were gently retracted. The aorta was isolated at its origin, and ascending aorta blood flow was measured with a gated sine-wave electromagnetic flowmeter (Carolina Medical, Burlington, North Carolina) placed proximal to the aortic valve. The flow probe was calibrated at a terminal procedure by passing blood from a pressurized reservoir through the left ventricle and collecting the outflow at the descending aorta with all intervening branches ligated. Stroke volume was computed from the ascending aortic flow by using a resetting analog integrator.
Total peripheral resistance was obtained with a two-quadrant analog divider (Gould) that gave the electronic quotient of mean arterial pressure and cardiac output as a function of time. Moreover, stroke work (SW) was computed from the measurements of mean arterial pressure (MAP), left ventricular end-diastolic pressure (LVEDP), and stroke volume (SV):
After collection of hemodynamic data, the abdominal aorta was cannulated with a glass micropipette connected to a pneumatic-hydrostatic perfusion apparatus. Animals were killed by arresting the heart in diastole by injection of 1 ml cadmium chloride (100 mM i.v.). The heart was then perfused by retrograde flow through the coronary arteries. Perfusion pressure was adjusted to the mean arterial pressure measured in vivo. After perfusion with pH 7.2 phosphate buffer for 3 minutes, the coronary vasculature was perfused for 15 minutes with a solution containing 2% paraformaldehyde and 2.5% glutaraldehyde. Simultaneously, to maintain in vivo chamber geometric integrity, the left ventricular chamber was filled with fixative and kept at a pressure equal to the in vivo measured end-diastolic pressure throughout the fixation procedure. Subsequently, the heart was excised, and the weights of the left ventricle including the septum and the right ventricle were recorded. Ventricular Size and Shape
The 
Sst =ESP(CDs/2)3
(CDs/2+Ts)3 -(CDS/2)3 (10) where In is the number of incremental layers from the endocardial surface of the wall to the epicardium, and It is the total number of incremental layers in the ventricular wall.
Morphometric Analysis
After the collection of the data necessary for the evaluation of ventricular size and shape, five slices of the left ventricular free wall in each heart were sampled and cut radially to obtain thirty 1-mm-thick tissue blocks that were post-fixed in osmium, dehydrated in acetone, and flat-embedded in araldite. One-micrometer sections of three to four embedded tissue blocks of the left ventricle of each animal, which contained the entire thickness of the free wall, were obtained and stained with toluidine blue for quantitative measurements. Ten consecutive fields, each from the endomyocardium, midmyocardium, and epimyocardium in every animal were examined at a calibrated magnification of x200 with a reticle containing 42 sampling points. This reticle defined an uncompressed tissue area of 133,000 gum2 that was used to determine the number of lesions of replacement fibrosis per unit area of myocardium. Moreover, the fraction of points lying over these foci was measured to compute the volume fraction of replacement fibrosis in the myocardium and the average cross-sectional area of the lesion profiles.
Data Collection and Analysis
All data were collected blindly, and the code was broken at the end of the experiment. Results are presented as mean±SEM computed from the aver- measurements could not all be obtained in every animal, the n value for a given determination is listed in the legend of each figure.
Results General features of the experimental model of two-kidney, one-clip, renal hypertension are illustrated in Figure 1 . Results of body weight, heart rate, and systolic arterial blood pressure are shown for both age-matched, sham-operated controls and hypertensive rats during the 8-month period after surgical constriction of the left renal artery. Body weights were significantly lower in the hypertensive group compared with controls throughout the entire period of investigation ( Figure 1A ). Figure 1 also shows the heart rate response of the two groups of animals during the study ( Figure 1B ). In clipped animals, heart rate significantly decreased one month after surgery and continued to decline progressively until the time of study. At 12 months of age, overall heart rate was depressed by an average of 31% in hypertensive animals when compared with similarly aged controls. ,o~/ X i* Renal artery stenosis resulted in an elevation of no differences were apparent in the measurement of heart weight and its major subdivisions, the depression in body weight resulted in a significant elevation in the right ventricular weight/body weight, left ventricular weight/body weight, and heart weight/body weight ratios in experimental animals when compared with age-matched sham-operated control rats.
Measurements obtained from the in vivo assessment of myocardial pump performance in control and experimental rats are shown in Figures 2 and 3 . Figure 2A illustrates that left ventricular enddiastolic pressure increased in animals subjected to surgical constriction of the left renal artery. Despite differences in ventricular preload, no change in peak left ventricular systolic pressure was noted between control and experimental rat hearts ( Figure 2B ). In contrast, both peak +dP/dt and +dP/dt at 40 mm Hg of developed pressure were depressed in hearts of renal artery clipped animals ( Figure 2C ). The peak rate of force decay, -dP/dt, was also diminished (Figure 2D ), implying a prolongation of the isovolumic relaxation phase. To further examine the pumping ability of the heart after the insult of long-standing hypertension, the physiological parameters of systemic blood flow hemodynamics were measured and are depicted in Figure 3 . Stroke volume ( Figure 3A) , although depressed in experimental hearts, did not prove to be different from sham-operated controls after statistical analysis. In contrast, in vivo estimates of heart rate in the anesthetized, ventilated animals revealed a significant depression in the overall heart rate ( Figure 3B ) of clipped animals. The difference in heart rate under anesthesia between control and experimental rats was qualitatively similar to that seen in unanesthetized animals at the end of the 8-month period of investigation ( Figure 1A ). Although the beat to beat ejection of systemic blood revealed no difference, the alteration in the frequency of the cardiac cycle resulted in a reduction of blood output per minute from the left ventricular chamber ( Figure 3C ). This depression in cardiac output was still present when absolute blood flow per unit time was expressed for overall body mass ( Figure 3D ). A reduction in systemic blood flow is often accompanied by alterations in either the driving pressure and/or the resistance encounter to flow. The examination of these parameters revealed practically identical values in the two groups of animals for mean arterial pressure (Table 2) , whereas total peripheral resistance was augmented in the renal artery clipped rats. In contrast, cardiac output decreased in the experimental group ( Figure 3C ). In addition, the amount of work performed during the beat to beat ejection of blood, stroke work, was found to be significantly depressed (Table 2) in clipped animals when compared with control rats.
The anatomical determinants of ventricular geometry of the diastolic-arrested ventricle that are implicated in the computation of circumferential wall stress are depicted in Figure 4 . In comparison with sham-operated animals, the major intracavitary axis in experimental rats increased by 19% ( Figure 4A ). This effect, combined with a 27% decrease in wall thickness ( Figure 4B ) and a 16% increase in midchamber luminal diameter ( Figure 4C ), resulted in a significant dilatation of the ventricular chamber and a reduction in the diastolic wall thickness/chamber radius ratio ( Figure 4D ).
The extent of ventricular dilatation observed in experimental animals is shown in Table 2 in which end-diastolic and end-systolic chamber volumes are illustrated. Despite an increase in both end-diastolic volume and diastolic pressure, the ratio of endsystolic/end-diastolic volume was significantly depressed in renal artery clipped animals. This reduction in ejection fraction was accompanied by a diminished wall thickening during the systolic phase of the cardiac cycle in experimental rats.
To establish whether the interaction of wall thickness, chamber diameter, and ventricular pressure was associated with alterations in wall tension, diastolic and systolic circumferential midwall stresses were calculated in control and clipped animals. As shown in Table 2 , both these parameters were markedly elevated in the hearts of animals after 8 months of renal artery stenosis.
In order to determine the distribution of wall stress from the endomyocardium to the epimyocardium, transmural circumferential stress at end diastole and at peak systole was calculated ( Figure 5 ). Diastolic as well as systolic transmural stress was found to be considerably greater at each increasing radial coordinate in clipped animals. Importantly, because wall thickness in diastole and systole was significantly smaller in experimental rats ( Figure 4 and Table 2 ), circumferential stress at the epicardial layer of this group remained elevated, retaining a larger fraction of endocardial stress than controls. Figure 6 illustrates the structural characteristics of foci of replacement fibrosis observed in control (Figure 6a) and renal artery clipped (Figure 6b) animals. These lesions were prevalently located in the endomyocardium and were variable in size. Moreover, they appeared to be larger and more numerous in the myocardium of hypertensive rats. The quantitative analysis described below was restricted to these discrete sites of tissue damage representative of focal myocyte loss and reparative fibrosis. Although not measured here, interstitial fibrosis was also present and more readily apparent in the experimental group. Table 3 shows that the volume fraction of myocardial damage in the form of replacement fibrosis occupied at most 2.2% of the myocardium of control rats. As a result of the experimental treatment, a 9.0-fold increase was measured across the ventricular wall. However, the accumulation of replacement fibrosis in the subendocardial region was 3.4-fold (p<0.0001) and 1.96-fold (p<0.0001) greater than that in the epicardium and midmyocardium, respectively. Moreover, the change in the midmyocardium was 1.74-fold (p<0.001) greater than that in the epicardium.
A further characterization of the distribution of myocardial damage associated with 8 months of renal artery stenosis is shown in Tables 4 and 5 . In comparison with controls, average cross-sectional area of foci of replacement fibrosis more than doubled in the inner layer of the wall in experimental animals. In addition, these foci were 60% (p<0.0001) and 26% (p<0.05) larger than those in the epicardium and midmyocardium (Table 4 ). This gradient in the transmural size of myocardial lesions was paralleled by a similar pattern in terms of number of foci per unit area of tissue ( Table 5 ). Increases of 3.6-, 6.2-, and 5.3-fold were measured in the outer, middle, and inner layers of the wall, respectively. However, the augmentation in the numerical density of replacement fibrosis profiles in the endocardium was 2.2-fold (p<0.0001), and 1.6-fold (p<0.0001) higher than those in the epicardium and midmyocardium, respectively. The concentration in the midmyocardium was also 1.34-fold (p<0.05) greater than that in the epicardium.
Since values of transmural stress and myocardial damage decreased from endocardium to epicardium, the stress at the middle portion of each of the three layers was regressed against each of the three estimations of tissue injury in that region of the heart and is shown in Table 6 . Correlation coefficients and p values for the volume percent, cross-sectional area, and numerical density of discrete foci of replacement fibrosis reveal a direct correlation between the gradient of damage and the measurement of transmural stress for both control and renal artery clipped animals at 12 months of age.
Discussion
The results of the present study indicate that chronic elevation of systemic arterial pressure eventuates in myocardial dysfunction and left ventricular pump failure. Five months after the imposition of renal hypertension, the elevated level of systolic blood pressure began to decline progressively to normotensive values. This decrease in systemic arterial pressure was accompanied by a distinct absence of ventricular hypertrophy when measured at the organ level. In vivo evaluation of global cardiac hemodynamics revealed the presence of myocardial dysfunction as evidenced by the elevation in enddiastolic pressure and reductions in both +dP/dt and -dP/dt. In addition, cardiac output was depressed as a consequence of a reduction in heart rate and unchanged stroke volume, while total peripheral resistance remained elevated. Moreover, the transmural gradient of diastolic and systolic stress was markedly augmented in the hearts of hypertensive animals, particularly in the subendocardial region of the ventricular wall. These functional markers of left ventricular failure were accompanied by extensive Changes in these latter determinants of stress were observed in hearts from hypertensive rats. Regardless of normal systolic pressure, wall stress during the contraction phase of the cardiac cycle was significantly elevated in experimental animals. A more pronounced increase in transmural diastolic stress was seen since abnormalities in both anatomic and hemodynamic factors had taken place after 8 months of renal artery constriction.
Contrary to expectation, midwall diastolic and systolic stresses were markedly elevated in spite of the fact that the overload had dissipated 8 months after the imposition of hypertension. These results were surprising because it is generally assumed that, according to the Laplace relation, when systolic pressure is increased in a sustained manner, the myocardial cells enlarge until the load per unit of myocardium returns to normal.16 This process occurs through the parallel addition of myofibrils in the myocyte cytoplasm which, in turn, leads to the expansion of the lateral dimension of myocytes, increasing wall thickness.'6 However, this compensatory mechanism may be operative in the early phases of the hypertensive state, but it appears to be altered here with time. Moreover, stress may never be normalized at the endocardial level in hypertension in view of the fact that the thickness of the wall will be negligible at that site, limiting an adaptive response. This was the case in the current investigation in which the magnitude of stress increased progressively from the epicardium to the endocardium, remaining high in this inner portion of the wall. In addition, it remains to be shown whether the transmural distribution of stress is fully normalized even acutely after the imposition of hypertension.
The extent of myocardial damage found in the failing ventricle was present throughout the wall but was quantitatively more severe in the inner layer than in the midmyocardium and epimyocardium. Although the gradient in tissue injury paralleled the pattern of stress across the wall, there is no implication in this statistical analysis that stress is responsible for the loss of myocytes and subsequent fibrosis. Such a correlation implies that when there is an increase in the variable of wall stress it follows that the degree of myocyte death will also be elevated after 8 months of renal artery stenosis. A causal relation between these two events cannot be directly assessed in this model since an increased stress leads to an increased oxygen demand by the myocardial tissue, particularly in the subendocardium, the region of the wall where stress is the greatest. Moreover, in other models of pressure or volume overload hypertrophy, subendocardial damage does not develop although ventricular pressure is elevated.31,32 In addition, prolonged systolic and diastolic time periods result in an increased duration of elevated stress during each cardiac cycle with a greater chance of oxygen supply and demand mismatch. Limitations in coronary blood flow reserve and resistance33,34 affect mostly the inner layer of the ventricular wall, and the potential for ischemic injury cannot be separated from the mechanical impact of unbearable stress and consequent myocyte cell death. 35 Pressure overload hypertrophy in the early adaptive stage is characterized by a preservation of the myocardial structure and the absence of tissue injury.32 However, in renovascular hypertension, the increased level of circulating angiotensin II has been described to be responsible for myocyte necrosis and collagen accumulation.36 Since serum angiotensin II was not measured in our study, we cannot exclude that this peptide could be involved in the development of tissue injury. On the other hand, the focal nature and the prevailing distribution of myocardial damage in the inner layer of the wall tend to support the possibility that other factors such as mechanical forces35 may play a role in the genesis of cell loss and replacement fibrosis.
Duration of Hypertension and Ventricular Dysfunction
Systemic hypertension has been identified as the dominant etiologic factor in the development of CHF in humans.1-4 Even mild degrees of hypertension have been shown to increase cardiovascular morbidity and mortality, particularly in the elderly.1-4 Small animal models of the human disease, however, have failed so far in providing evidence that elevated levels of arterial blood pressure may induce severe myocardial dysfunction and failure.5-15 However, the current results demonstrate that renal hypertension in Fischer 344 rats leads, over a period of several months, to profound alterations in global cardiac performance comparable to those seen during the late evolution of hypertensive cardiomyopathy in humans. Since the most apparent difference between the present study and previous investigations5-8,21 on the effects of induced hypertension on myocardial performance in rodents was the duration of the overload, time appears to constitute one of the most significant variables for the transition from compensated to decompensated cardiac function in long-term renal hypertension.
Consistent with the current data, a number of observations in genetically determined hypertension seem to support the concept that the period of exposure to the overload plays an important role in the outcome of ventricular hypertrophy and its progression towards CHF.14,37,38 Cardiac hypertrophy in early spontaneous hypertension was found to be characterized by the absence of structural and functional abnormalities.32,3738 In contrast, cardiac hypertrophy 18 months after the onset of hypertension revealed an impairment of the contractile state (ejection fraction index-afterload relation) of the myocardium,38 which was subsequently followed by alterations in the pumping ability of the heart, dilatation of the left ventricular chamber, and increased myocardial stiffness detectable only in rats at nearly 2 years of age.14,37,38 Importantly, this depressed heart performance seemed to occur at a time when arterial pressure had returned to levels practically identical to those found in normotensive controls.38 A similar phenomenon has been observed in the present study. The temporal difference in the appearance of myocardial dysfunction in genetically determined hypertension with respect to renal hypertension may be explained by the fact that in the former case the capillary network within the hypertrophied myocardium retains a remarkable capacity to proliferate32 and coronary blood flow and reserve are essentially normal in young and mature spontaneously hypertensive rats. 39 Such an adaptive response of coronary capillaries is not operative in renal hypertensive rats in which an impairment in coronary blood flow hemodynamics has been shown. 34 Thus, hypertension-induced impairment of cardiac function is related to the nature, level, and duration of the overload as well as time of onset of hypertension in the life span in both humans and animals, which all condition the progression of the disease process.15
On the basis of these observations, it appears that the evolution of hypertensive cardiomyopathy is characterized first by a phase of compensatory concentric ventricular hypertrophy and normal cardiac performance followed by a second phase in which longstanding hypertension results in abnormal ventricular remodeling and depressed pump function.
Heart Rate and Body Weight
The pulse interval during both awake and anesthetized conditions was shown to be prolonged by an average of 36% in renal artery clipped animals. This decreased heart rate finds its human counterpart in a recent study in which a linear relation was found between angiotensin-induced increases in systemic arterial pressure and pulse interval prolongation. 40 Although contradictory results have been found in sheep41 and dogs,42 there is general agreement that high levels of angiotensin are involved in the modification of the reflex regulation of heart rate. 43 On the other hand, a reduction in heart rate may reflect a systemic shift in the metabolic rate that may, in part, help to explain the decreased body weight in hypertensive animals seen at all time points during the 8-month study. Alterations in animal body weight have been reported previously after the imposition of renal hypertension, but this reduction has only been seen during the early phase of rapid elevation in systemic arterial blood pressure. 5 In conclusion, chronic pressure overload results in left ventricular failure, which is characterized by myocyte loss, chamber dilatation, depressed myocardial pressure and flow dynamics, and elevated diastolic and systolic transmural stress. The gradient in stress across the ventricular wall, from endomyocardium to epimyocardium, revealed a direct correlation with the regional distribution of myocardial damage. Moreover, the primary pathological event triggering the negative cascade leading to heart failure may be increased ventricular transmural stress and the inability of the heart to reduce wall stress when obligated to maintain normal pump function by engendering compensatory mechanisms that have pathological aspects. In addition, duration of the inciting stimulus is considered to be an essential element in the transition from well-adapted cardiac hemodynamic performance to a condition of deadaptation and ventricular failure.
